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Abstract 

The advancement of implantable bioelectronic devices holds significant promise for applications in 

neural engineering, biosensing, and electroceutical therapies. However, the long-term performance 

and integration of these devices are critically dependent on several characteristics, such as 

electrochemical properties, biocompatibility, and functional adaptability of the electrode-tissue 

interface. The aim of this thesis was to develop and investigate advanced surface functionalization 

strategies to enhance these key characteristics, with a key focus on electrochemical modification 

methods, incorporating conducting polymers, deposition of metal particles, and electrografting of 

diazonium salts. These methods were further complemented by secondary surface treatments, 

including physical approaches such as solvent treatment, and chemical strategies like covalent 

coupling. All proposed functionalization methods were followed by comprehensive 

characterization of relevant parameters, such as morphology, electrical and electrochemical 

performance, biocompatibility, and antibacterial properties.  

The research presented in this thesis contributes to the growing library of surface functionalization 

strategies for bioelectronic devices. By offering tailored solutions to meet diverse functional 

requirements, these approaches support the development of more efficient and adaptable material 

interfaces. Given the rapid growth of the bioelectronics market and its increasing demand for high-

performance, biocompatible, and multifunctional materials, such advancements are particularly 

valuable for accelerating innovation in next-generation implantable bioelectronic devices. 
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Streszczenie 

Rozwój wszczepialnych urządzeń bioelektronicznych budzi duże nadzieje w kontekście 

zastosowań w inżynierii tkanki nerwowej, biosensorach i terapiach elektroceutycznych. 

Długoterminowa wydajność oraz skuteczna integracja z mikrośrodowiskiem biologicznym są  

w dużej mierze zależne od takich parametrów jak właściwości elektrochemiczne, 

biokompatybilność oraz zdolność do funkcjonalnego dostosowania interfejsu elektroda-tkanka. 

Celem niniejszej pracy było opracowanie i zbadanie zaawansowanych strategii funkcjonalizacji 

powierzchni, mających na celu poprawę tych kluczowych cech, ze szczególnym uwzględnieniem 

elektrochemicznych metod modyfikacji, obejmujących zastosowanie polimerów przewodzących, 

osadzanie cząstek metalu i elektroszczepienie soli diazoniowych. Zastosowane podejścia 

uzupełniono dodatkowymi metodami obróbki powierzchni: fizycznymi (takimi jak 

domieszkowanie wtórne za pomocą rozpuszczalników) oraz chemicznymi (m.in. sprzęganie 

kowalencyjne). Wszystkie zaproponowane techniki funkcjonalizacji zostały poddane 

kompleksowej charakterystyce, obejmującej analizę morfologii, właściwości elektrycznych  

i elektrochemicznych, biokompatybilności oraz aktywności przeciwbakteryjnej. 

Przedstawione w pracy badania poszerzają zakres dostępnych rozwiązań w obszarze 

funkcjonalizacji materiałów dla bioelektroniki. Proponując dostosowane rozwiązania 

ukierunkowane na spełnienie różnorodnych wymagań funkcjonalnych, przyczyniają się one do 

rozwoju bardziej wydajnych i adaptowalnych materiałów interfejsowych. W obliczu dynamicznego 

rozwoju rynku bioelektroniki oraz rosnącego zapotrzebowania na zaawansowane, biokompatybilne 

i wielofunkcyjne materiały, przedstawione rozwiązania mogą odegrać istotną rolę w przyspieszeniu 

innowacji w obszarze nowej generacji implantowalnych urządzeń bioelektronicznych. 
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Nomenclature 

ITO indium tin oxide 

AC alternating current 

ACN acetonitrile 

AFM atomic force microscopy 

AG ageing 

B35 rat neuroblastoma cell line 

Bu4NBF4 tetrabutylammonium tetrafluoroborate  

Bu4NPF6 tetrabutylammonium hexafluorophosphate 

C capacitance 

CP conducting polymer 

CSC charge storage capacity 

CV cyclic voltammetry 

DC direct current 

D-Cl2 3,5-dichlorophenyldiazonium tetrafluoroborate  

DMSO dimethyl sulfoxide 

DNA deoxyribonucleic acid 

D-NH2 4-aminophenyl 

D-NO2 4-nitrobenzenediazonium tetrafluoroborate 

D-OCH3 4-methoxydiazonium tetrafluoroborate 

E. coli Escherichia coli 

EDC 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide 

EDOP 3,4-ethylenedioxypyrrole  

EDOT 3,4-ethylenedioxythiophene  

EDS energy dispersive X-ray spectroscopy 

EG ethylene glycol  

EIS electrochemical impedance spectroscopy  

FIB focused ion beam  

FTIR Fourier transform infrared spectroscopy 

GCD galvanostatic charge–discharge 

Irel relative anodic peak current 

Lc critical load 

MTT 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide 

NHDF normal human dermal fibroblasts 

PBS phosphate-buffered saline 

PEDOP poly(3,4-ethylenedioxypyrrole) 
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PEDOT poly(3,4-ethylenedioxythiophene) 

PLL poly‐L‐lysine  

PSS poly(4-styrene sulfonate) 

pTS p-toluene sulfonate 

Rct charge transfer resistance 

Sa roughness parameter, arithmetic mean height  

SEM scanning electron microscopy 

SH-SY5Y human neuroblastoma cell line 

US ultrasound 
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1. Introduction 

Electroactive interfaces between living cells and electronic systems are fundamental to 

bioelectronic applications, which depend on efficient communication between living cells and 

artificial components. This strategy enables controlled, bidirectional information exchange, 

allowing external electronic devices to directly interact with living matter [8]. It plays a critical role 

in biomedical applications such as biosensors, tissue engineering, and neuroprosthetics [9], 

supporting functions like sensing, stimulation, or modulation of cellular activity. A seamless 

connection between biotic and abiotic systems requires well-designed interfacing platforms. 

Consequently, interfacial materials should be able to deliver electrical signals to cells, exhibit low 

impedance, a suitable surface topography, and biocompatibility. 

The well-established and widely used materials for the construction of bioelectronic devices are 

noble metals. Gold is frequently applied in electrochemical biosensors and microelectrode arrays 

[10]. The application of iridium and iridium oxide lies primarily in high-current stimulation and 

stimulation electrode arrays, neural recording, and retinal implants [11]. But above all, platinum 

has historically been the main material of choice in commercial devices for neural stimulation and 

recording, such as cochlear implants, deep brain stimulation electrodes, or pacemakers [12,13]. 

These materials exhibit several advantages, such as high conductivity, biocompatibility, chemical 

stability, and corrosion resistance. However, they come with several limitations that include high 

impedance in small sized electrodes, limited charge injection capacity, and potential for corrosion 

and tissue damage at high stimulation levels [13]. Additionally, their mechanical mismatch and lack 

of integration with soft biological tissue contribute to inflammation, glial scar formation, and as a 

result – reduced device performance over time [14]. Moreover, the surface biocompatibility of noble 

metals also applies to prokaryotic organisms, leading to increased risk of implant-associated 

bacterial infections [15].  

Consequently, to improve the performance of metal-based bioelectronic devices and enhance their 

interaction with biological systems, surface modification techniques are essential. These 

modifications can be achieved through physical, chemical, or combined approaches. Physical 

methods, such as laser-based micropatterning, increase surface roughness to promote cell adhesion 

[16]. In contrast, chemical methods focus on enhancing biological affinity by functionalizing the 

surface with conductive polymers [17,18], peptides [19,20], or adhesion-promoting molecules [21]. 

Among the surface functionalization techniques, electrochemical surface modification has emerged 

as a powerful and versatile approach for the fabrication of bioelectronic platforms, primarily due to 

their simplicity, cost-effectiveness, high efficiency, and precise controllability over the deposition 

parameters. A key advantage of these methods is the ability to monitor and regulate the deposition 

process in real-time through in situ electrochemical measurements [22]. In an electrochemical 
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deposition process, the application of an electric stimulus across an electrolytic solution initiates 

reduction and/or oxidation reactions at the surface of a working electrode. These redox reactions 

drive the nucleation and growth of a thin film of the target material, which can be either inorganic 

(e.g. metals, metal oxides) or organic (e.g. conducting polymers, biomolecules). The resulting 

deposited layer can significantly modify the surface morphology, chemical composition, electrical 

conductivity, and biocompatibility of the substrate, therefore enabling its functional integration into 

bioelectronic devices [23,24].  
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2. Hypothesis and research objectives 

In my research, I hypothesized that surface functionalization of electrodes using conducting 

polymers, metal particles, and diazonium-based modifications – individually or in combination – 

can be employed to enhance the electrochemical performance, biocompatibility, and application-

specific functionality of implantable bioelectronic interfaces. 

Accordingly, I formulated the following research objectives: 

1. To develop a series of electroactive surface coatings for implantable bioelectronic devices 

using conducting polymers, metal particles, and diazonium electrografting. 

2. To investigate secondary surface modification techniques, such as solvent treatment, layer-

by-layer deposition and chemical coupling, aimed at enhancing selected material 

properties. 

3. To characterize the physicochemical and electrochemical properties of the modified 

surfaces using microscopy, spectroscopy, and electroanalytical techniques. 

4. To evaluate the biocompatibility and antibacterial activity of the functionalized coatings 

through in vitro cell culture and microbial assays. 

5. To establish structure–function relationships linking surface functionalization strategies 

with improved interface performance. 

6. To define strategic approaches for surface functionalization, enabling the development of 

multifunctional and biocompatible coatings that meet the application-specific requirements 

of implantable bioelectronic devices. 

The disclosed research outcomes have been published in peer-reviewed international scientific 

journals. The doctoral dissertation presents a summary of the most important results, with a 

particular focus on the parts that I have personally worked on during my PhD. 
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3. Methodology 

3.1. Investigated surfaces 

The experiments conducted within this thesis were focused on modifications of platinum surfaces 

[A1, A2, A4, A5, A6, A7], as well as glass slides covered with indium tin oxide (ITO) [A3]. The 

electrochemical characterization was performed on platinum foils. For other characterization 

experiments, the Pt electrodes were obtained by sputter-coating (Quorum Q150R ES, 60 mA) on 

glass slides [A1, A4, A5, A6] or polyester cover slips (Thermanox™) [A2, A5, A7].  

 

3.2. Electrochemical functionalization 

Conducting polymer coatings, based on poly(3,4-ethylenedioxythiophene) (PEDOT) and/or 

poly(3,4-ethylenedioxypyrrole (PEDOP), on Pt electrodes were obtained by electrochemical 

polymerization of a corresponding monomer (10 mM), either 3,4-ethylenedioxythiophene (EDOT) 

or 3,4-ethylenedioxypyrrole (EDOP) in the presence of 0.1 M electrolyte (sodium poly(4-styrene 

sulfonate), NaPSS; lithium perchlorate, LiClO4; sodium p-toluene sulfonate, pTS; 

tetrabutylammonium hexafluorophosphate, Bu4NPF6) in water [A1, A4] or acetonitrile (ACN) 

[A1], by a potentiodynamic method (cyclic voltammetry, CV) in a three-electrode system consisting 

of a Pt plate counter electrode and a Ag/AgCl (3 M KCl) reference electrode. Potential range was 

optimized for each monomer/electrolyte system separately. 

Electrochemical grafting of diazonium salts was realized from a 3 mM solution of a single 

diazonium salt or a mixture of two diazonium salts [A5, A6] by CV in a three-electrode setup in the 

presence of 0.1 M tetrabutylammonium tetrafluoroborate (Bu4NBF4)/ACN solution. Potential range 

was optimized separately for each diazonium salt (4-nitrobenzenediazonium tetrafluoroborate (D-

NO2), 4-methoxydiazonium tetrafluoroborate (D-OCH3), and 3,5-dichlorophenyldiazonium 

tetrafluoroborate (D-Cl2)) and their binary mixtures (D-NO2+D-OCH3, D-OCH3+D-Cl2, D-NO2+D-

Cl2). 

 

3.3. Non-electrochemical coating strategies 

Pt and diazonium-modified Pt surfaces were coated by drop-casting 50-100 µl of 1.5-4% poly(3,4-

ethylenedioxythophene):poly(4-styrene sulfonate) (PEDOT:PSS) water dispersion [A5]. The 

electrodes were placed for 30 min on a heating plate (60 °C) to facilitate water evaporation. 
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3.4. Electrochemical characterization 

The electrochemical studies were performed by means of a potentiostat equipped with a three-

electrode system mentioned earlier. Cyclic voltammograms were collected with a scan rate of 100 

mV/s in 0.1 M of a corresponding electrolyte. Charge storage capacity (CSC, C/cm2) was calculated 

by integration of the area under the CV curve [A1, A4, A5] with the use of the following equation:  

 𝐶𝑆𝐶 = න 𝐽(𝑡)𝑑𝑡
௧మ

௧భ

 (1) 

where t1 is the beginning of CV cycle (s), t2 is the end of CV cycle (s), and J denotes the current 

density (A/cm2). 

CV curves were also collected at scan rates between 5 and 200 mV/s, and were used to calculate 

areal and volumetric capacitance [A3, A4], with the use of the following equation: 

 𝐶஼௏ =
∫ 𝐼(𝑡)𝑑𝑡

௧మ

௧భ

∆𝑉
∙

1

𝑋
 (2) 

where CCV denotes capacitance (F/cm2 or F/cm3) and 𝛥𝑉 denotes potential range (V). The X can be 

represented by area (A, cm2) or volume (V, cm3) in order to provide the areal or volumetric 

capacitance. 

In [A6] a redox mediator, 1 mM K3[Fe(CN)6], was added to the electrolytic solution to determine 

the relative anodic peak current (Irel) based on the measured anodic peak currents (Ipa) and calculated 

based on the following equation:  

 
𝐼௥௘௟ =

𝐼௣௔ 𝑜𝑓 𝑚𝑜𝑑𝑖𝑓𝑖𝑒𝑑 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒

𝐼௣௔ 𝑜𝑓 𝑏𝑎𝑟𝑒 𝑃𝑡 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒
∙ 100% (3) 

 

Galvanostatic charging/discharging was performed at current densities between 0.1 and 5.0 

mA/cm2, and the results were used to calculate the areal and volumetric capacitance, energy density, 

power density, and coulombic efficiency [A3, A4] according to the following equations:  

 𝐶ீ஼஽ =
𝐼 ∙ 𝑡

𝛥𝑉
∙

1

𝑋
 (4) 

 𝐸 =
1

2
𝐶ீ஼஽ ∙ 𝛥𝑉ଶ ÷ 3.6 (5) 

 𝑃 =
𝐸

𝑡஽
 (6) 

 𝜂 =
𝑡஽

𝑡஼
100% (7) 
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CGCD denotes areal or volumetric capacitance (F/cm2 or F/cm3), I denotes current (A), t denotes time 

(s), 𝛥𝑉 denotes discharging potential difference (V), E denotes energy density (W∙h/cm2 or 

W∙h/cm3), P denotes power density (W/cm2 or W/ cm3), tD denotes discharging time (h), tC denotes 

charging time (h), and 𝜂 denotes coulombic efficiency. 

Electrochemical impedance spectroscopy (EIS) measurements were performed over frequencies 

ranging from 100 mHz to 100 kHz, at a DC potential of –0.10 to 0.22 V (vs. Ag/AgCl) and an AC 

amplitude of 10-50 mV. The recorded spectra were fitted into an equivalent circuit by means of EIS 

Spectrum Analyser 1.0 software [25] with the use of a Powell algorithm [A1, A4, A5, A6]. 

 

3.5. Surface characterization 

Surface wettability was measured with a goniometer by placing a 1 μl drop of deionized water (T 

≈ 20 °C), and the resulting contact angle was measured [A2, A6]. An optical profilometer was used 

to analyze the surface roughness by deriving an arithmetic mean height (Sa) parameter according to 

ISO 25178 [A6]. Scanning electron microscopy (SEM) (10 – 15 kV) coupled with energy dispersive 

X-ray spectroscopy (EDS) was used to image the surface morphology [A1, A2, A4] and analyze 

the elemental composition [A4]. SEM coupled with focused ion beam (FIB-SEM) with a Ga source 

was used to etch the polymer coatings in order to reveal their cross-sectional surface and thickness 

(FIB: 1 nA beam current, followed by a polishing cut at 175 pA; SEM: 15 kV) [A4]. Fourier 

transform infrared spectroscopy (FTIR) measurements in the range from 500 to 1800 cm−1 were 

used for the chemical composition analysis [A4]. 

 

3.6. Stability 

Stability of coatings was determined by subjecting them to ageing or ultrasonication in phosphate-

buffered saline (PBS) and examining the resulting solution with the use of UV-vis 

spectrophotometry [A5]. Scratch tests were performed by scratching the coating surface with a 

Rockwell diamond cone under gradually increased loading from 0.03 to 3.00 N over the length of 

3 mm [A4, A5]. Three critical loads were determined: Lc1 (load at which the first plastic 

deformation of the polymer layer occurred), Lc2 (load at which the first damage to the polymer 

layer occurred, e.g. deformed conformal microcracks appeared) and Lc3 (load at which complete 

damage occurred breaking the polymer layer). 
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3.7. Cell culture studies 

Model cell lines: normal human dermal fibroblasts (NHDF) [A2] and human neuroblastoma (SH-

SY5Y) [A6, A7] were used to estimate the biocompatibility of investigated surfaces. Cell viability 

was determined after 48 h of culture by their metabolic activity towards 3-[4,5-dimethylthiazol-2-

yl]-2,5-diphenyltetrazolium bromide (MTT) [A2] or Alamar Blue [A6]. MTT reduction to formazan 

crystals was detected spectrophotometrically with the use of a microplate reader at 570 nm. In turn, 

the relative concentration of the reduced form of Alamar Blue was revealed by its fluorescence 

intensity (excitation 560 nm, emission 590 nm). In [A7], cell attachment was analyzed based on the 

number of cells present on the investigated surfaces after 1 h of incubation and washing with PBS. 

The surfaces were imaged with the use of a light microscope.  
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4. Results and discussion 

4.1. Bioelectronic interfaces based on conducting polymers (CPs) 

4.1.1. The effect of doping ion on electrochemical and biological performance of CP-

based coatings 

Although conducting polymers, and particularly PEDOT, have been frequently used for the 

modification of bioelectronic devices, the versatility of their performance is derived from the 

possibility to modulate their physicochemical characteristics through the judicious selection of 

polymerization conditions, including polymerization method – either chemical or electrochemical, 

and the choice of solvent and doping ions. 

Accordingly, in [A1] I decided to investigate the effect of the selection of dopants (NaPSS, LiClO4 

and Bu4NPF6) on the polymerization potential, efficiency, and electrochemical properties of 

PEDOT-based conducting coatings. I optimized the polymerization potential range for each system 

separately, starting at -0.8 V (vs. Ag/AgCl) and adjusting the anodic limits (Figure 1A-C), in an 

effort to produce highly conducting films with improved capacitance – parameters that are crucial 

for biomedical applications of bioelectrode coatings, especially for electrophysiological stimulation 

[26]. The best electrical performance was observed for PEDOT/PF6, which was formed with the 

use of an oxidation potential of 1.8 V in a Bu4NPF6/ACN system, while 1.2 V was optimal for both 

LiClO4/H2O (PEDOT/ClO4) and NaPSS/H2O (PEDOT/PSS). The optimized polymerization curves 

are presented in Figure 1D-F. My results confirmed that conducting polymer films formed in 

organic solvents exhibited higher conductivity than those in aqueous solutions, likely due to greater 

conjugation length and improved electrode contact [27–29]. 
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Figure 1. Optimization of electrochemical polymerization conditions for each doping system (PEDOT/PSS, PEDOT/PF6, 
and PEDOT/ClO4). CV curves show the selection of oxidative potentials based on the position of a polymerization peak, 
i.e. the onset potential (E1), the half-peak potential (E2), the peak potential (E3), and the overoxidation potential (E4), 
marked by arrows (A–C). CV curves showing the electropolymerization of EDOT under optimized conditions (D–F); 100 
mV/s scan rate, 10 mM EDOT, 0.1 M corresponding electrolyte, 30 cycles. 

 

In my research, I confirmed that polymerization conditions, including potential range, solvent, and 

doping ion, significantly impact the surface morphology of PEDOT. PEDOT/PF6 exhibited a highly 

porous, sponge-like structure with micro- and nano-sized pores (Figure 2A), while PEDOT/ClO4 

had a more compact, grainy morphology (Figure 2B). PEDOT/PSS, however, showed a 

nonuniform surface with cavities and poor durability, undergoing visible degradation under electron 

probe exposure (Figure 2C). My findings align with previous studies, indicating that smaller dopant 

ions, such as PF6
− and ClO4

−, promote a more porous structure [30], whereas larger polymeric 

dopants like PSS− result in a denser morphology. The influence of solvent was also significant, with 

water potentially hindering polymer formation through hydrogen bonding [31].  

It is well known that surface morphology plays a crucial role in cellular adhesion. While rough 

surfaces can enhance cell attachment, the compatibility between cell size and surface features is 

also essential [32]. The cavities formed within the distinct polymer structures could offer better 

integration with axonal connections than a completely flat platinum surface. Based on the 

differences in surface morphology between PEDOT/PSS, PEDOT/PF6, and PEDOT/ClO4, I 

hypothesized that these surfaces should also interact differently when in contact with cells, which 

was further verified by the in vitro experiments with rat neuroblastoma cells (as described later in 

the text). 
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Figure 2. SEM surface images of PEDOT/PF6 (A), PEDOT/ClO4 (B) and PEDOT/PSS (C). The scale bar represents 30 
µm and the red arrows indicate pores in the polymer structure. 

 

In the next step, I compared the electrochemical properties of PEDOT matrices by analyzing their 

CV and EIS spectra collected in a monomer-free 0.1 M KCl solution (Figure 3A). The CV curves 

displayed a quasi-rectangular shape, indicating a capacitive character [33], with PEDOT/PF6 

showing the most developed profile, followed by PEDOT/ClO4 and PEDOT/PSS. All three 

significantly outperformed the bare platinum electrode. Charge storage capacity (CSC), an 

important parameter for bioelectronic applications [34], was the highest for PEDOT/PF6 (80.1 ± 6.3 

mC/cm²), followed by PEDOT/ClO4 (36.6 ± 1.8 mC/cm²) and PEDOT/PSS (18.4 ± 1.3 mC/cm²) 

(Figure 3B). The highest CSC of PEDOT/PF6 was attributed to its highly porous structure, which 

increases the effective surface area for charge transfer. Impedance analysis (Figure 3C) revealed 

similar values of |Z| at 1 kHz for all PEDOT films, with PEDOT/PF6 exhibiting the lowest 

impedance (113.8 ± 0.5 Ω).  

To further assess the electrochemical behavior, I conducted an equivalent circuit analysis using EIS 

data. After multiple attempts, I decided that the most suitable circuit model to effectively describe 

all processes contributing to the impedance of PEDOT-based coatings would be the modified 

Randles circuit, previously proposed by Danielsson et al. [35] and later used by Kim et al. [36]. 

This model consists of a solution resistance (Rs), coupled with a double layer capacitance (Cdl) in 

parallel to a charge transfer resistance (Rct), followed in series by a Warburg impedance element 

(ZD) and a polymer bulk redox capacitance (Cd) (Figure 3C-inset). The inclusion of Cd was 

necessary to account for the phase angle shift from 45° to 90° observed at lower frequencies (Figure 

3D). This model effectively described PEDOT behavior, which was confirmed by a high goodness 

of fit (χ² < 0.001). The analysis confirmed that PEDOT/PF6 had the highest capacitance (47.6 ± 7.1 

mF/cm²), significantly exceeding that of PEDOT/ClO4 (15.0 ± 0.8 mF/cm²) and PEDOT/PSS (7.0 

± 0.7 mF/cm²). While charge transfer resistance values remained similar across all PEDOT coatings, 

the capacitance differences highlighted the strong influence of the polymer morphology effect. 
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Figure 3. Electrochemical properties of Pt and PEDOT-based coatings. Cyclic voltammetry measured at 100 mV/s in 0.1 
M KCl (A). Charge storage capacity obtained by integration of the CV data (B). Electrochemical impedance spectra 
measured at a DC potential of 0 V and an AC of 10 mV. The results are presented in the form of Bode plots with a modulus 
of impedance (C) and a phase angle (D) as a function of frequency. The equivalent circuit presented as an inset in (C) 
consists of a solution resistance (Rs), coupled with double layer capacitance (Cdl) in parallel to charge transfer resistance 
(Rct) in series to Warburg impedance element (ZD) and bulk polymer capacitance (Cd). The experimental data are 
presented in the form of points, whereas the fitted spectra are presented as continuous lines. 

 

As complimentary experiments conducted by other investigators from our group, biocompatibility 

analysis was performed through viability, cell cycle, apoptosis and morphometric analysis with use 

of a rat neuroblastoma cell line (B35). Viability assay results showed PEDOT/ClO4 as the most 

biocompatible (89% viability), slightly better than Pt (85%), while PEDOT/PF6 (69%) was at the 

biocompatibility “threshold”, and PEDOT/PSS (48%) should be treated as non-biocompatible. Cell 

cycle and apoptosis analysis confirmed that PEDOT/ClO4 and Pt promoted proliferation, whereas 

PEDOT/PSS induced the highest cell death (29% sub-G1 phase). Apoptosis assays revealed that 

PEDOT/PF6 caused increased apoptotic death (31%), likely due to ACN traces, while PEDOT/PSS 

and Pt led to more necrotic cell loss. SEM imaging showed that PEDOT/ClO4 facilitated axon 

branching, and the porous structure of PEDOT/PF6 further enhanced cell integration. The surface 

of smoother PEDOT/PSS hindered attachment, while Pt provided adhesion but lacked complex 

cell-polymer interactions. 

Overall, this study highlights the importance of dopant selection as the primary strategy in tailoring 

PEDOT’s electrochemical and biological properties for bioelectronic applications. In particular, 
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PEDOT/PF6 demonstrated exceptional charge storage capabilities, while PEDOT/ClO4 showed 

superior biocompatibility, both surpassing the widely used PEDOT/PSS.  

 

4.1.2. The effect of metal particles on biological performance of CP-based coatings 

Modifying polymer surfaces with silver particles is a well-established method for imparting 

antibacterial properties to conducting polymers [37,38]. Toxicity of silver (nano)structures to 

bacteria and other cells is mostly mediated by silver ions release; therefore, it also depends on their 

morphology and concentration. Silver ions can be responsible for reactive oxygen species 

generation, enzyme inhibition, cell membranes disruption and induction of DNA damage, which 

are the proposed mechanisms of antimicrobial activity [39]. In contrast, gold has been one of the 

preferred materials for neural interface fabrication because of its excellent electrical conductivity, 

plasmonic characteristics, and high biocompatibility [40]. 

In the following approach to modulate the properties of PEDOT, the deposition of Au and Ag was 

used to potentially reduce the risk of infection after implantation [A2]. A PEDOT coating, 

synthesized in the presence of PBS solution, was modified by additional electrochemical deposition 

of Au and Ag particles from their ionic forms present in the solution (experimental details described 

in the Materials and methods section of [A2]).  

Metal particle-modified PEDOT coatings were characterized with improved electrochemical 

properties, such as high charge storage capacity and decrease in impedance. Particularly, the CSC 

of PEDOT-Au and PEDOT-Au/Ag was improved by a factor of 3 (measured at 100 mV/s) over 

pristine PEDOT. The highest surface roughness (Sa) was obtained by introduction of Ag particles 

on PEDOT (0.241 ± 0.051 µm, when compared to 0.199 ± 0.013 µm for unmodified PEDOT). The 

Sa of gold-containing coatings were decreased to the values of 0.118 ± 0.002 µm and 

0.128 ± 0.004 µm for PEDOT-Au and PEDOT-Au/Ag, respectively. The water contact angle was 

positively influenced by introduction of metal particles, resulting in surface wettability values 

ranging from ~47 to 60 °. 

The antibacterial effect was evaluated by culturing E. coli on the PEDOT-based surfaces and 

measured with LIVE/DEAD assay and percentage of surface coverage. It was revealed that bacterial 

viability was highest on the surfaces of unmodified Pt (89 ± 1%) and PEDOT (85 ± 3%), while the 

presence of Ag significantly reduced the percentage of live bacteria (58 ± 4% for PEDOT-Ag and 

57 ± 3% for PEDOT-Au/Ag). PEDOT-Au also decreased bacterial viability (68 ± 3%), though less 

effectively than Ag-containing surfaces. However, the most pronounced effect of metal particles 

was visible by reduction of bacterial coverage, which was the lowest for PEDOT-Au/Ag (1.1 ± 0.2 

%). 
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In this work, I used my expertise in the characterization of cell-material interactions by performing 

mammalian cell culture studies and using an MTT assay to evaluate the cytotoxicity of coating 

strategies on normal human dermal fibroblasts (NHDF) (Figure 4).  PEDOT significantly improved 

cell viability (140 ± 12%) compared to a Pt electrode control. However, adding Ag particles reduced 

biocompatibility, leaving only 34 ± 3% of viable cells. Au particles helped maintaining high cell 

viability (99 ± 8%) while mitigating Ag toxicity, resulting in 72 ± 5% viability for PEDOT-Au/Ag. 

Since mammalian and bacterial cells compete in a “race to surface” [41], selective toxicity is crucial 

for promoting tissue integration while preventing infection. Ag particles, lacking selectivity, were 

cytotoxic to both bacterial and mammalian cells, which is consistent with previous studies [42,43]. 

However, introducing Au particles before Ag deposition (PEDOT-Au/Ag) doubled NHDF viability 

while maintaining antibacterial efficacy. This may be attributed to Au’s nanoporous-like 

topographical effects, influencing cell attachment and spreading via mechanotransduction [44]. 

Additionally, Au particles are known to reduce reactive oxygen and nitrite species [45] and 

production of inflammatory cytokines [46], further minimizing Ag-induced cytotoxicity. This 

highlights the balancing role of Au in preserving biocompatibility while retaining antibacterial 

properties. 

 
Figure 4. Viability of NHDF cultured on Pt and PEDOT-based coatings after 48 h, based on MTT assay; *p<0.05. 

 

This research confirmed that by the deposition of Ag particles on the surface of PEDOT pre-

modified with a layer of Au particles, it is possible to decrease the toxicity of Ag particles towards 

mammalian cells while preventing bacterial colonization. Additionally, the material's electroactive 

and capacitive properties make it suitable for various electroceutical applications. In this way, our 

study provides another instructive insight into the design of multifunctional coatings applicable in 

bioelectronic devices.  



24 
 

The concept of applying PEDOT decorated with metal particles as a bacteriostatic coating is a patent 

registered in the Patent Office of the Republic of Poland under the title Conductive polymer coating, 

method of its preparation and application; patent no. PL246706. 

 

The main results derived from the studies I performed and described in this chapter underline 

the versatility of electrochemically deposited PEDOT-based coatings and the possibility of 

modulating relevant properties by the choice of solvent/dopant system or by inclusion of noble 

metal particles. It was highlighted how the choice of dopant – specifically ClO₄⁻ and PF₆⁻ – 

can significantly enhance the electrochemical performance, surface topography and 

biocompatibility of PEDOT films compared to the conventional PSS⁻ counterion. As a 

complementary strategy, the inclusion of Au and Ag particles into PEDOT resulted in the 

formation of a multifunctional coating with strong antibacterial properties and reduced 

cytotoxicity. These studies revealed the potential of carefully engineered PEDOT-based 

materials to meet the complex requirements of bioelectronics and electroceuticals, offering 

valuable insights into the design of multifunctional, biocompatible, and electroactive 

materials. 
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4.2. Conducting polymers as bio-supercapacitors 

4.2.1. Supercapacitive properties of PEDOT:Nafion 

Although conducting polymers are known as excellent neural interface materials, their application 

is not limited to neural electrode coatings. Due to their capacitive behavior, CP may also serve as 

efficient supercapacitors, as proved by numerous previous studies [47–50]. The combination of 

capacitive properties and biocompatibility suggests that CPs may be considered as implantable 

supercapacitors, potentially applicable for powering implantable devices, such as pacemakers, deep 

brain stimulators and cochlear implants [51,52]. 

Biocompatible supercapacitors have emerged as a key technology for the next generation of 

implantable and wearable bioelectronic devices, offering fast charge/discharge rates, long-term 

operational stability, and safe integration with biological systems [53]. Their development addresses 

the growing need for reliable, miniaturized, and non-toxic energy storage solutions in medical and 

health-monitoring applications. This aligns with broader global trends, as society moves away from 

fossil fuels and toward diverse, renewable energy sources [54]. In this evolving energy landscape, 

the demand for efficient, sustainable, and application-specific energy storage is becoming 

increasingly urgent. Biocompatible supercapacitors not only meet the unique requirements of 

bioelectronics but also contribute to the broader pursuit of innovative energy systems tailored for 

both environmental sustainability and personalized medicine [51,55]. 

Supercapacitors, next to batteries and fuel cells, are energy storage devices offering significant 

advantages, providing high power density and unparalleled fast charging and discharging, while 

maintain long cycling lifetime [55,56]. Depending on the charge storage mechanism, 

supercapacitors can be divided into electrical double layer capacitors and pseudocapacitors, which 

utilize electrostatic interactions or redox reactions, respectively [57]. In the latter group, the 

materials undergoing redox processes include metal oxides and CPs. Nonetheless, metal oxides, 

compared to CPs, are rather unfavorable due to high costs, toxicity, low processability and 

capacitance [58]. 

During my PhD I had the opportunity to take part in a collaboration with the researchers from the 

University of Ferrara in Italy led by Prof. Stefano Carli, aiming to utilize PEDOT modified with 

Nafion as a supercapacitor, potentially applicable to support the performance of bioelectronic 

devices. Among commonly studied conducting polymers for pseudocapacitor electrodes, 

PEDOT:PSS stands out due to its stability, water-based processability, affordability, and widespread 

use in organic electronics [59]. Though its conductivity is rather low (0.1–1 S cm⁻¹) [60], it can be 

significantly enhanced through secondary doping with polar solvents like dimethyl sulfoxide 

(DMSO) or ethylene glycol (EG). This treatment induces phase separation between conductive 

PEDOT and insulating PSS, improving carrier mobility and density [60,61]. Nafion is a copolymer 
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based on tetrafluoroethylene hydrophobic backbone, containing highly hydrophilic sulfonate 

groups [62]. Recently, the group of prof. Carli has developed and studied the possibility of replacing 

PSS by Nafion as an alternative polyanionic dopant [63]. Consequently, PEDOT:Nafion has been 

successfully synthesized as a stable water-based dispersion. It has been shown that PEDOT doped 

with Nafion instead of PSS is more conductive [63], and is characterized with improved stability 

[64] and adhesion to substrates [63]. Moreover, in vitro studies have proven its biocompatibility 

towards primary rat fibroblasts [65], making it a promising alternative as a neuroelectronic coating 

or as a supercapacitor material used in biomedical devices that require an internal power source 

[66]. 

Within this project, I was involved with testing the PEDOT:Nafion coatings developed in Prof. 

Carli’s group in terms of their potential to be utilized in supercapacitor devices (Figure 5). I learned 

how to utilize electrochemical methods to test and quantify the capacitive properties of materials. 

As a result, my next publication [A3] explores charge storage properties of the pristine 

PEDOT:Nafion and solvent-treated coatings, either by EG or DMSO. In particular, PEDOT:Nafion 

treated with DMSO reached the areal capacitance of 22.2 ± 0.8 mF/cm2 at 10 mV/s, and EG-treated 

PEDOT:Nafion exhibited low charge transfer resistance of 379 ± 19 Ω, being the result of a more 

effective ion diffusion inside the conductive film. Due to increased charge carrier density, DMSO-

treated coating exhibited an excellent volumetric capacitance of 74.2 ± 4.2 F/cm3, with a Coulombic 

efficiency of 99% and an energy density of 23.1 ± 1.5 mWh/cm3 at a power density of 0.5 W/cm3. 

A proof-of-concept symmetric supercapacitor based on PEDOT:Nafion exhibited a specific 

capacitance of approximately 15.7 F/g and notable long-term stability, indicating PEDOT:Nafion 

as a promising material for energy storage applications. Additionally, the fact that PEDOT:Nafion 

is biocompatible gives the possibility of using it as an implantable supercapacitor, which is the 

concept currently under investigation in our research groups. 
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Figure 5. Scheme representing the main concept of PEDOT:Nafion-based supercapacitor, described in [A3]. 

 

4.2.2. Bilayer supercapacitors based on PEDOT and PEDOP 

The cooperation with Prof. Stefano Carli inspired me to further work in the field of implantable 

supercapacitors, resulting in the design and extensive characterization of another conducting 

polymer-based material. Based on my experience working with PEDOT and the vast expertise of 

my research group in developing PEDOP formulations, I decided to combine the two polymers into 

a superior material. Being a structural analogue to PEDOT, PEDOP shares similar advantages, 

including tunable physicochemical properties [67,68] and confirmed biocompatibility [69]. 

However, unlike EDOT, EDOP has a lower oxidation potential and is water-processable, which 

allows for more efficient electropolymerization in aqueous solutions [70]. Both polymers can be 

synthesized via electrochemical or chemical methods, allowing morphology optimization for better 

performance, as mentioned in the previous chapter. Their strong redox activity and the possibility 

of nanostructured film formation make them ideal candidates for supercapacitor electrodes. 

Additionally, the excellent biocompatibility of PEDOP, which was also proven in our group [69–

71], enables its application for bio-integrated energy storage, including implantable medical devices 

and biosensors. 

In [A4], PEDOT and PEDOP were electrochemically polymerized on Pt electrodes using cyclic 

voltammetry, with optimized polymerization potentials of 1.3 V (vs. Ag/AgCl) for EDOT, and 0.8 

V (vs. Ag/AgCl) for EDOP (Figure 6A,B). Due to the large difference in polymerization potentials 

(~500 mV), simultaneous copolymerization was unsuccessful, as PEDOP overoxidation hindered 

EDOT oxidation. Instead, a step-by-step approach was used, depositing each monomer with 15 CV 

cycles. When EDOT was deposited first, PEDOP polymerized effectively, but reversing the order 
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led to PEDOP overoxidation, impairing the overall conductivity (Figure 6C-D). These findings 

confirm that sequential deposition, starting with EDOT, is the optimal strategy. 

 

Figure 6. Electrochemical polymerization by cyclic voltammetry at a scan rate of 100 mV/s in 0.1 M pTS/H2O and 10 mM 
of a corresponding monomer, for a total of 30 cycles. CV curves measured during polymerization of EDOP (A), EDOT 
(B), EDOP on PEDOT (C), and EDOT on PEDOP (D).  

 

FTIR spectroscopy was used to confirm the chemical structures of PEDOT and PEDOP, with 

characteristic bands identified for both polymers (Figure 7A). The FTIR spectrum of 

PEDOT/PEDOP was dominated by PEDOP signals, indicating uniform coating over PEDOT, 

whereas PEDOP/PEDOT showed signals for both polymers, with evidence of PEDOP 

overoxidation. EDS analysis further verified the chemical composition, detecting carbon, oxygen, 

sulfur, and nitrogen (Figure 7B-F). Nitrogen presence confirmed effective PEDOP coating in 

PEDOT/PEDOP, while incomplete PEDOT coverage in PEDOP/PEDOT was observed. 

Additionally, sulfur distribution in PEDOT/PEDOP was non-uniform, suggesting some PEDOT 

exposure, though not strongly detected by FTIR. 
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Figure 7. Spectroscopic analysis of polymer coatings. FTIR spectra with characteristic bands for PEDOT (1472 cm−1 – 
C═C, 972, 915, and 832 cm−1 – C─S─C) and PEDOP (1475 cm−1 – C═C, 1240 cm−1 and 1196 cm−1 – C─N, 1138 and 
1048 cm−1 – C─O─C) (A). EDS results presenting surface composition by atomic concentration of elements (B) and line 
scans presenting nitrogen and sulfur composition (C-F). 

 

The enhanced electrochemical properties of PEDOT/PEDOP were examined using atomic force 

microscopy (AFM) and SEM (Figure 8A), comparing nano-scale (Sa,AFM) and micro-scale (Sa,SEM) 

roughness (Table 1). PEDOP featured fused spherical structures, while PEDOT had a more 

developed, porous surface with intersecting cavities. PEDOT/PEDOP exhibited the highest 

roughness (Sa,SEM of 1.59 ± 0.20 µm), with smaller PEDOP-like round structures increasing surface 

area available for ion interaction and charge storage [72]. In contrast, PEDOP/PEDOT showed 

visible microcracks, indicating the damaging effects of PEDOP overoxidation. 

Thanks to my internship at the University of California, Irvine, I had a chance to join the group of 

Prof. Zuzanna Siwy and use the focused ion beam (FIB) etching to analyze the internal 

microstructure of investigated materials. FIB-SEM allowed to reveal the polymers’ cross-sections 

and thickness (Figure 8B, Table 1). PEDOP was characterized with the lowest thickness (1.00 ± 

0.13 µm) and a compact structure, while PEDOT was over four times thicker (4.24 ± 1.39 µm) and 

highly porous throughout the bulk of the polymer. PEDOT/PEDOP had an intermediate thickness 

(2.19 ± 0.46 µm), with smaller, less frequent cavities, suggesting that EDOP polymerized within 

the PEDOT’s porous structure. This led to an increase in the electroactive surface area, enhancing 

electrochemical capacity. Their similar molecular structure ensured high compatibility, enabling a 

synergistic effect that facilitated electrolyte access. 

To examine the potential stability in long-term applications, a scratch test was performed on the 

polymer coatings. Consequently, PEDOP was found to have the highest adhesion strength (1.89 ± 

0.31 N), slightly outperforming PEDOT (1.53 ± 0.30 N). PEDOP on PEDOT improved adhesion 
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of the latter (1.70 ± 0.50 N) by reducing surface cavities and, therefore, increasing the electrode 

contact surface. However, PEDOP/PEDOT required the least force for complete coating damage 

due to its cracked surface. Despite these variations, differences in adhesion strength were not 

statistically significant due to high surface roughness and non-uniformity (Table 1). 

 

Figure 8. SEM surface (A) and cross-section images (B) of PEDOT, PEDOP, PEDOT/PEDOP and PEDOP/PEDOT films. 
The cross-section images were obtained after FIB etching.  

 

Table 1. Physical properties determined by SEM, AFM and scratch test. 

 PEDOP PEDOT PEDOT/PEDOP PEDOP/PEDOT 

Thickness, µm 1.00 ± 0.13 4.24 ± 1.39 2.19 ± 0.46 1.29 ± 0.28 

Nano-scale 

roughness, Sa,AFM, nm 
184.1 ± 4.9 318.0 ± 2.8 330.9 ± 4.7 276.3 ± 7.6 

Micro-scale 

roughness, Sa,SEM, nm 
960.8 ± 359.9 1223.3 ± 220.6 1592.0 ± 205.7 1042.4 ± 266.3 

Adhesion strength, 

LC3, N 
1.89 ± 0.31 1.53 ± 0.30 1.70 ± 0.50 0.86 ± 0.65 

 

EIS results (Figure 9A-B) showed that PEDOT/PEDOP exhibited the lowest impedance, 

particularly at low frequencies, indicating reduced ion diffusion resistance and higher capacitance. 

Equivalent circuit modeling confirmed that PEDOT/PEDOP had the lowest charge transfer 

resistance (25 ± 8 Ω), highest capacitance (4.38 ± 0.40 mF), and improved charge diffusion (25 ± 8 

Ω/s1/2), highlighting the beneficial effect of PEDOP within PEDOT’s 3D structure. 
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Figure 9. Electrochemical impedance spectroscopy results presented in the form of Bode (A) and Nyquist (B) plots. The 
equivalent circuit is presented as an inset (A). EIS measurements were performed in 0.1 M pTS/H2O at a DC potential of 
0 V (vs. Ag/AgCl) and an AC voltage amplitude of 10 mV. Experimental data is represented by separate points and the 
fitted spectra are shown as continuous lines. 

 

To evaluate the effectiveness of PEDOT/PEDOP for supercapacitor applications, cyclic 

voltammetry and galvanostatic charge–discharge (GCD) analyses were conducted. CV curves were 

recorded at various scan rates to evaluate the areal and volumetric capacitance. The results showed 

a nearly linear increase in capacitance with lower scan rates, indicating better ion diffusion. 

PEDOT/PEDOP exhibited the highest areal capacitance (42.2 ± 2.8 mF/cm² at 5 mV/s), 

outperforming both PEDOP (32.5 ± 2.9 mF/cm²) and PEDOT (33.1 ± 6.8 mF/cm²) (Figure 10A). 

However, PEDOP had the highest volumetric capacitance (323.8 ± 28.5 F/cm³) due to its lower 

thickness (Figure 10B). Similarly, with the GCD testing method, PEDOT/PEDOP’s superior areal 

capacitance was established (21.02 ± 1.97 mF/cm² at 0.1 mA/cm²) (Figure 10C), while due to its 

compactness, PEDOP had the highest volumetric capacitance (151.48 ± 6.91 mF/cm³) (Figure 

10D). GCD data was also used to establish energy density versus power density relations (Figure 

10E-F), which are frequently used for comparison of supercapacitor performance [73]. In terms of 

volumetric energy density, PEDOP reached the highest value (25.5 ± 1.2 mWh/cm³), outperforming 

both PEDOT/PEDOP (16.1 ± 1.5 mWh/cm³) and PEDOT (6.5 ± 0.7 mWh/cm³). In contrast, the 

highest areal energy density was reached for PEDOT/PEDOP (3.53 ± 0.33 µWh/cm2 at 55 

µW/cm2).  
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Figure 10. Capacitive properties of PEDOT, PEDOP and PEDOT/PEDOP coatings in respect to area (A, C, E) and 
volume (B, D, F). The data are based on CV (A, B) and GCD (C-F) measurements. All experiments were conducted in 0.1 
M pTS/H2O. 

 

Conducting polymer coatings are particularly advantageous in forming thin layers, where their 

performance is more reliant on electrolyte penetration rather than volume scaling [74]. As thickness 

increases, performance can degrade due to hindered ion diffusion in larger volumes, leading to 

reduced stability and a higher risk of delamination [75]. Therefore, areal capacitance becomes a 

crucial property for evaluating the charge storage properties of these materials, as it is the most 

scalable. Additionally, the advantage of the PEDOT/PEDOP bilayer is that its capacitive properties 

are enhanced simply by adjusting the polymeric material's morphology through a layer-by-layer 

deposition approach, without needing any additional fillers. Finally, the cytocompatibility of both 

PEDOT and PEDOP, combined with the growing popularity of wearable and implantable 

bioelectronics, presents a promising opportunity for developing biocompatible charge storage 

elements based on these polymers. 
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The concept of applying PEDOT/PEDOP material as a capacitive coating was submitted as a patent 

application into the Patent Office of the Republic of Poland under the title Layered polymer system, 

method of obtaining it and use for electrical energy storage; registration no. P.449856. 

 

In this chapter, the applicability of CP-based coatings was extended to a broader scope of 

applications by exploring their charge storage characteristics. Notably, solvent-treated 

PEDOT:Nafion films demonstrated excellent electrochemical properties, such as high 

capacitance, low charge transfer resistance, and long-term stability, outperforming the gold-

standard PEDOT:PSS. Similarly, the PEDOT/PEDOP composite, synthesized through a 

layer-by-layer approach, surpassed the limitations of the individual homopolymers due to its 

optimized 3D architecture and efficient ion transport properties. Enhancing capacitive 

performance through molecular and morphological design demonstrates the versatility of 

these materials for energy storage applications. Moreover, their demonstrated 

biocompatibility, as discussed in the previous chapter and earlier studies, further expands 

their relevance to powering implantable bioelectronic systems.  
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4.3.  Bioelectronic interfaces based on electrodeposited thin organic films 

4.3.1. The problem of coating stability mitigated by diazonium monolayers deposition  

As discussed in the previous chapters, CPs offer several advantages in bioelectronic applications, 

including compatibility with tissue, and improved electrochemical and surface properties. However, 

CP-coated devices often fail due to poor adhesion, cracking, and delamination of the polymer layer 

[76], leading to reduced lifespan, increased costs, and potential health risks of biomedical implants 

[77].  

Various strategies to enhance CP adhesion, like substrate nanopatterning [78] and the modification 

of surfaces with pro-adhesive coatings based on self-assembled monolayers [79], are often complex 

or time-consuming. Electrografting of aryldiazonium salts offers a simpler, effective approach for 

creating adhesive monolayers on electrode surfaces [80,81]. For example, improved adhesion of 

electropolymerized PEDOT has been demonstrated on Pt/Ir, ITO, and gold electrodes pre-treated 

with various custom-synthesized diazonium salts [77,82,83]. However, these diazonium 

compounds are not commercially available and require complex synthesis. Moreover, the enhanced 

adhesion was shown for electropolymerized PEDOT, not PEDOT:PSS dispersions, which are more 

accessible and widely used in industry. 

Poly(3,4-ethylenedioxythiophene):poly(4-styrene sulfonate) (PEDOT:PSS) is the most 

commercially successful conducting polymer, which popularity stems from processability, tunable 

conductivity, transparency to visible light, thermal stability, and biocompatibility [84]. In our 

approach, we developed a new surface pretreatment method that improved the adhesion of 

PEDOT:PSS to platinum electrodes, reduced charge transfer resistance, and enhanced coating 

capacitance [A5]. Our approach used a one-step electrochemical grafting process on Pt electrodes 

with commercially available diazonium salts (D-NO2, D-OCH3 and D-Cl2). Subsequently, 

PEDOT:PSS was deposited on those surfaces by a drop-casting method, which led to the formation 

of more stable CP coatings (PEDOT/D-NO2, PEDOT/D-OCH3, and PEDOT/D-Cl2) with favorable 

electrical properties. In this project, I was responsible for developing the methodology for 

electrochemical deposition and characterization while supervising the experiments performed by a 

bachelor student.  

The electrochemical characterization of PEDOT:PSS drop-casted on Pt and diazonium-

functionalized Pt surfaces was performed by CV and EIS. The results showed that surface treatment 

with diazonium salts led to more developed CV curves and higher CSC values. The CSC of all 

PEDOT samples increases with a decreasing scan rate (Figure 11A), due to the presence of internal 

active sites. Therefore, lower scan rates allow a better estimation of the electrode’s capacitive 

properties [85]. At 10 mV/s, PEDOT:PSS deposited on modified electrodes achieved a CSC of 235 

mC/cm², which is 35% higher than PEDOT:PSS deposited on unmodified Pt (175 mC/cm²). EIS 
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spectra shown as a Nyquist plot (Figure 11B) revealed similar electrical properties for all 

PEDOT:PSS-coated electrodes, indicating a consistent charge transfer mechanism. Consequently, 

a modified Randles circuit (Figure 11B-inset) was used to simulate all EIS data. This model 

includes a solution resistance (Rs) in series with a charge transfer resistance (Rct) parallel to a 

double-layer capacitance (Cdl), and a constant phase element (Z) representing polymer capacitance, 

as previously used in [A1]. PEDOT:PSS on unmodified Pt showed the highest charge transfer 

resistance, Rct (67.3 ± 1.6 Ω), and the lowest polymer capacitance, Z (6.7 ± 0.1 mF), as indicated 

by the largest semicircle in the Nyquist plot. Surface treatment with diazonium salts significantly 

reduced Rct (15.0 ± 0.5 Ω for PEDOT/D-NO2) and increased capacitance (up to 13.3 ± 0.8 mF for 

PEDOT/D-OCH3), suggesting improved ion diffusion within the film.  

 

Figure 11. Electrochemical properties of Pt and PEDOT:PSS. Function of CSC and scan rate, based on CV measurements 
(A). Nyquist plot based on EIS measurements and an equivalent circuit shown as an inset (B). The experimental data is 
represented by points, whereas the continuous lines show the fitted spectrum. All measurements were conducted in PBS 
solution. 

  

Stability of PEDOT:PSS on Pt electrodes was evaluated by exposing them to 30 days of ageing in 

PBS (AG), 3 minutes of ultrasound (US) treatment, or a scratch test. UV–vis spectra of PBS 

solutions after these treatments showed characteristic peaks for PEDOT (325 nm) and PSS (268 

nm) [86,87]. For PEDOT-modified electrodes without aryl layers (Figure 12A), absorbance 

between 200–400 nm was similar for AG and US treatments. The increased peak at 268 nm after 

US treatment suggests coating degradation resulting in the partial dissolution of PSS, likely due to 

its higher hydrophilicity compared to PEDOT, which led to PEDOT:PSS dedoping. In contrast, 

ageing for 30 days resulted in both PSS and PEDOT being found in the PBS solution. 
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Figure 12. Stability of PEDOT:PSS on Pt electrodes. UV–vis spectra of a 0.02% PEDOT:PSS solution in PBS (black 
line), and a PBS solution after US treatment (red line) and AG (blue line) collected over non-pretreated PEDOT-coated 
electrodes (A). Decrease in the absorbance at characteristic wavelengths after AG and US treatment for pretreated Pt 
electrodes coated with PEDOT with respect to non-pretreated PEDOT-coated electrodes (B). Comparison of adhesion 
forces (Lc1 – loading at which polymer layer was scratched, Lc2 – loading at which polymer layer was fully damaged). 

 

To assess the impact of electrode pretreatment with aryl layers on PEDOT:PSS coating stability, 

UV-vis spectra of PBS solutions after AG and US treatment of PEDOT/D-OCH3, PEDOT/D-NO2 

and PEDOT/D-Cl2 were compared to non-pretreated PEDOT electrodes. Figure 12B shows a 

decrease in absorbance for pretreated electrodes resulting from decreased concentration of PEDOT 

and PSS in the PBS solution. In turn, this indicates that electrografting improved PEDOT:PSS layer 

stability, making it less prone to delamination. Electrografting reduced the dissolution of PSS and 

PEDOT, with the strongest effects for D-NO2 and D-OCH3. Scratch test results (Figure 12C) 

confirmed that more force was required to damage PEDOT:PSS on electrodes electrografted with 

D-NO2. The adhesion force for PEDOT/D-NO2 was 0.96 ± 0.08 N, 33% higher than that of PEDOT 

on unmodified Pt (0.72 ± 0.04 N). This enhanced adhesion is likely due to improved physical 

interactions, such as hydrogen bonding or electrostatic interactions, between the polymer and 

functional groups on the pretreated surface [81]. 

This study demonstrated that surface modification with commercially available diazonium salts can 

improve the adhesion, charge transfer, and mechanical stability of PEDOT:PSS, a widely used 

conducting polymer in organic electronics. This can translate into improved performance of 

bioelectronic CP-based devices, increasing their safety and longevity.  

The concept of applying diazonium salts as adhesion layers for PEDOT:PSS has been a subject of 

a patent application submitted into the Patent Office of the Republic of Poland under the title Pro-

adhesive organic coating and method of obtaining it; registration no. P.444426. The patent was 

granted on 13.03.2025. 
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4.3.2. Diazonium salts for antibacterial coatings 

To assess the influence of electrografting of diazonium salts on the properties relevant for 

bioelectronic interfaces, I decided to perform in-depth experiments on the thin organic layers 

themselves [A6]. I hypothesized that the different functional groups of diazonium salts used in 

electrografting of organic monolayers would yield electrode coatings with differing electrochemical 

and surface properties, such as wettability, cell adhesion, cell viability, and antibacterial activity. 

Furthermore, I proposed that mixed monolayers, derived from binary mixture of diazonium salts, 

could synergistically integrate the advantages of both components. 

Consequently, I functionalized Pt electrodes by electrochemical grafting of D-NO2, D-OCH3, D-

Cl2, and their binary mixtures: D-NO2+D-OCH3, D-OCH3+D-Cl2, and D-NO2+D-Cl2. The 

optimized CVs (Figure 13A-C) present broad cathodic peaks corresponding to the reduction of 

diazonium cations to aryl radicals, accompanied by nitrogen release. The reduction potentials varied 

based on the electronic nature of the substituents [88], with D-NO2 showing the most positive 

potential (0.27 V vs. Ag/AgCl) due to its electron-withdrawing nitro group, while D-OCH3 had the 

most negative potential (−0.12 V vs. Ag/AgCl) due to its electron-donating methoxy group. D-NO2 

and D-Cl2 exhibited similar reduction currents (~ −0.15 mA), suggesting a comparable deposition 

pathway, though D-NO2 showed a larger peak area, indicating that deposition continued beyond 

monolayer formation. During the second CV cycle, reduction peaks for D-NO2 and D-Cl2 nearly 

disappeared. D-OCH3 displayed a higher reduction current (−0.2 mA) and maintained a significant 

reactivity in further cycles, suggesting high affinity to multilayers formation and lower tendency to 

fully saturate the Pt surface [89]. 

The deposition conditions for mixed aryl layers were optimized by adjusting the potential range 

and salt concentration ratios to visualize both reduction peaks (Figure 13D-F). Interestingly, the 

presence of a mixture of diazonium salts was found to influence peak positions. When D-NO2 and 

D-OCH3 were combined, the reduction peak of D-OCH3 shifted to a more negative potential (−0.35 

V vs. Ag/AgCl), suggesting reduced deposition efficiency on D-NO2-coated surfaces. In contrast, 

mixing D-OCH3 with D-Cl2 facilitated D-Cl2 reduction, shifting its potential from 0.10 V to 0.27 V. 

The reduction potentials remained unchanged when D-NO2 and D-Cl2 were mixed. 
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Figure 13. Electrografting of diazonium salts from solution containing a single salt type (A, B, C) and from binary 
mixtures of diazonium salts (D, E, F). In all experiments the total concentration of diazonium salt(s) remained at 3 mM 
and the supporting electrolyte was 0.1 M Bu4NBF4 in ACN. 

 

Electrochemical methods were used to evaluate the electroactivity, conductivity, and capacitance of 

functionalized electrode surfaces in the presence of a redox mediator. The summary of 

electrochemical properties is presented in Table 2. CVs were collected to assess the blocking 

properties and compactness of the organic layers [81]. The D-Cl2 layer showed the highest 

passivation, reducing the relative anodic peak current (Irel) by 98.4 ± 0.8% compared to bare Pt, 

indicating a compact layer and increased charge transfer resistance (Rct). D-OCH3 had a lower 

passivation effect (81.9 ± 3.3% relative peak current) due to possible side reactions, while D-NO2 

showed moderate passivation (27.6 ± 9.8%). EIS spectra confirmed increased impedance and 

suggested two capacitive elements. EIS data were fitted to a modified Randles circuit [90], showing 

that diazonium modifications reduced electroactivity and increased Rct, while maintaining 

comparable capacitance. 

Table 2. Electrochemical properties derived from CV and EIS measurements in the presence of a redox mediator. 

Pt functionalization Relative anodic peak current, Irel (%) Rct (Ω) 

none 100 68 ± 20 

D-NO2 27.6 ± 9.8 853 ± 135 

D-OCH3 81.9 ± 3.3 320 ± 54 

D-Cl2 1.6 ± 0.8 12365 ± 1328 

D-NO2 + D-OCH3 (1:3) 19.3 ± 2.2 622 ± 96 

D-Cl2 + D-OCH3 (1:3) 8.7 ± 4.8 2387 ± 81 

D-NO2 + D-Cl2 (1:7) 1.5 ± 1.1 6750 ± 1328 
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The measurements of surface wettability were used as a simple way to confirm successful electrode 

functionalization. Diazonium-based layers significantly increased the water contact angle of Pt 

electrodes, indicating enhanced hydrophobicity (Figure 14A). The D-Cl2 layer had the highest 

contact angle (95 ± 3°), which was over five times greater than bare Pt (17 ± 5°). D-OCH3 showed 

the lowest increase (50 ± 4°) due to its more hydrophilic nature. Mixed layers had contact angles 

averaging those of individual layers, suggesting a nearly equimolar surface composition. Roughness 

measurements (Figure 14B) showed less dramatic changes, with the greatest increase (2.5-fold) for 

the D-NO2+D-Cl2 mixture. The low roughness of modified surfaces compared to bare Pt indicated 

uniform and compact organic layers [91]. Mammalian cells generally prefer moderately rough (20–

30 nm) and less hydrophilic surfaces (contact angle >65°) [92], while bacterial cells favor smoother 

surfaces (Sa <6 nm) [93]. Therefore, the noted differences between water contact angles and 

roughness of bare and modified Pt surfaces supported the hypothesis that the electrodeposition of 

diazonium salts and their binary mixtures could affect cell adhesion.  

 

Figure 14. Surface properties. Water contact angle obtained by goniometer (A). Surface roughness measured with the use 
of an optical profilometer (B). 

 

To verify biocompatibility of organic monolayers, SH-SY5Y human neuroblastoma cells were 

cultured on modified and unmodified Pt electrodes for 48 hours. The Alamar Blue assay, which was 

used to measure cell metabolic activity, showed cell viability above 88% for all samples (Figure 

15A). According to ISO 10993-5:2009 [94], materials with over 70% cell viability are considered 

biocompatible. These results indicate that none of the coatings negatively affected cell adhesion or 

viability, suggesting that they are suitable as biocompatible coatings. 

E. coli were cultured on modified and unmodified Pt surfaces for 48 hours. Diazonium-modified 

surfaces significantly reduced bacterial density, with D-Cl2 and the D-NO2+D-Cl2 mixture showing 

the strongest effect (84% reduction) (Figure 15B). Other coatings (D-NO2, D-OCH3, and D-

NO2+D-OCH3) also lowered bacterial presence by 45%−51%. Live/dead assay showed similar live-

to-dead bacteria ratios on all surfaces. D-OCH3 and D-NO2+D-OCH3 samples had more variability, 

likely due to non-uniform layer formation. The D-NO2 coating slightly reduced live bacteria (from 
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76 ± 2% on Pt to 64 ± 2%), while other modified surfaces had higher viability than bare Pt, with D-

Cl2+D-OCH3 showing the highest percentage of live cells (92 ± 3%). Notably, this surface also had 

the lowest bacterial coverage. Overall, diazonium-derived layers did not kill bacteria but effectively 

prevented their adhesion, which is key to reducing implant-associated infections. Reduced adhesion 

of E. coli correlated with lower surface wettability and increased nano-roughness, supporting 

previous findings that roughness can deter bacterial adhesion [93]. 

 

Figure 15. Biological properties of Pt electrodes functionalized with organic monolayers. Viability of SH-SY5Y evaluated 
with Alamar Blue assay after 48 h of incubation (A); * p<0.01. Percentage of E. coli bacterial coverage presented in the 
form of a box plot (B); box limits indicate the data within the first and third quartiles, with the horizontal line representing 
the median value, square symbol represents the mean value, whiskers correspond to 1.5 of the interquartile range. 

 

Miniaturization is crucial in implantable medical devices, as smaller devices reduce tissue 

disruption [95]. In neuromodulation and neurorecording, smaller electrodes enable more precise 

control, such as activating or recording signals from individual cells [96], and allow for compact, 

complex electrode architectures [97]. Therefore, as part of my internship with Prof. Maria Asplund 

at the University of Freiburg, I was able to demonstrate that even micro-sized surfaces (d = 500 µm, 

Figure 16A) can be successfully modified with organic layers. Smaller surface areas resulted in 

more compact layers, particularly with D-Cl2, where the typical redox peaks of K3[Fe(CN)6] 

disappeared, and impedance increased. Binary mixtures also formed more compact layers, without 

any redox signals from the probe. D-OCH3 on microelectrodes caused only a minimal increase in 

the impedance of Pt across the entire frequency range. While it was less effective in preventing 

bacterial adhesion compared to other diazonium formulations, it was the most promising for 

modifying electrode surfaces without significantly compromising electrochemical performance. 

Coating microelectrodes with modifications that blocked electron transfer, as shown by the 

disappearance of redox signals for the remaining coatings, can be used to reduce interference in 

implantable biosensors [98]. Electrochemical grafting of diazonium salts is also compatible with 

various conductive surfaces, including titanium [99], Co-Cr alloys [100], and stainless steel [101], 

making it a promising method for adding antibacterial properties to biomedical materials without 
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compromising biocompatibility. Additionally, electrodeposited diazonium salts offer an alternative 

to photolithography for micropatterning, simplifying the process, as proposed in Figure 16B. 

 

Figure 16. Image of a microelectrode array (the diameter of a single electrode d = 500 µm) (A). Scheme representing a 
micropatterning process using diazonium salts (B). 

 

The concept of applying diazonium salts as biomedical coatings has been a subject of patent 

applications submitted into the Patent Office of the Republic of Poland under the titles Bioactive 

biomedical coating and method of obtaining it; registration no. P.444428, and Method of obtaining 

a bioactive biomedical coating and bioactive biomedical coating; registration no. P.444429. 

 

4.3.3. Biofunctionalization 

In the final attempt to utilize the diazonium salts, in [A7] we used them as anchoring points for 

bioactive molecules, namely poly‐L‐lysine (PLL), to enhance cell integration with the electrode 

(Figure 17). PLL is a polycationic molecule which can be used to promote cellular adhesion due to 

electrostatic interactions between the positively charged polymer chains and the negatively charged 

proteins and cell membrane components [102]. PLL is often used as a coating material for culture 

surfaces to enhance cell attachment and growth, particularly for adherent cell lines. 

The methodology involved the electrografting of D-OCH3, D-Cl2, and D-NO2. The latter was used 

to obtain nitrophenyl layer, followed by further electrochemical reduction to form a 4-aminophenyl 

(D-NH2) layer on the electrode surface. PLL was then immobilized on the modified electrodes using 

two methods: drop casting and covalent coupling with a cross-linking agent – 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC). The surface properties of the modified electrodes were 

characterized by Raman and FTIR spectroscopy, contact angle measurements, and electrochemical 

impedance spectroscopy to confirm the successful grafting of PLL and to assess the surface 

properties of the modified electrodes. 
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Figure 17. Scheme representing the general concept of [A7]. By surface modification with diazonium salts and PLL the 
cell adhesion gets improved. 

 

SH-SY5Y neuroblastoma cell line was used to assess the influence of surface modifications on 

neural cell adhesion. In the protocol I developed, cells were cultured on PLL-modified electrodes 

for 1 hour, followed by washing to remove loosely attached cells. Images were taken to analyze cell 

attachment on diazonium-coated electrodes with and without PLL. Compared to fluorescent 

staining or dehydration of cells for SEM imaging, this method is much more straightforward and 

less time-consuming, while not requiring expensive reagents. 

The diazonium electrografting process significantly increased cell attachment compared to a tissue 

culture plastic control, with the highest cell density observed on D-NH2, showing a 3-fold increase 

(Figure 18A). PLL modification further enhanced cell attachment, with D-NH2/PLL electrodes 

showing the most significant increase, indicating faster and more robust formation of adhesion 

complexes (Figure 18B). Cell attachment was notably lower on bare Pt/PLL electrodes compared 

to diazonium/PLL-modified surfaces, highlighting enhanced PLL immobilization on pre-

functionalized electrodes. The simplified reaction scheme of covalent bonding of PLL to D-NH2 is 

presented in Figure 19. Using EDC chemistry, the immobilization of PLL was improved and, 

therefore, D-NH2/PLL exhibited the highest cell adhesion among all investigated samples. Notably, 

both diazonium and diazonium/PLL-modified electrodes supported the attachment of individual 

cells, whereas the unmodified Pt surface led to cell clustering. These results confirm that diazonium 

and diazonium/PLL-functionalized electrodes effectively promote SH-SY5Y cell adhesion on Pt-

based electrodes. 
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Figure 18. Cell adhesion studies on SH-SY5Y by Pt surface modification with electrografted diazonium salts (A) and by 
additional coating with PLL (B). The average number of cells per mm2 is shown as a small square, the box represents the 
amplitude of the standard error, and the whiskers represent the 1.5 of the standard error. 

 

 

Figure 19. Simple scheme of amide coupling reaction between PLL and D-NH2-functionalized Pt electrode using EDC. 

 

The concept of applying diazonium salts coupled with bioactive molecules as biomedical coatings 

has been a subject of patent applications submitted into the Patent Office of the Republic of Poland 

under the titles Polypeptide pro-adhesive coating and method of obtaining it; registration no. 

P.444427, and Biofunctionalized organic coating, method of its preparation and application; 

registration no. P.442508. 

 

In this chapter, I presented the versatility and effectiveness of surface functionalization 

approaches with the use of diazonium salts. Through electrochemical grafting of various 

diazonium salts onto platinum surfaces, significant improvements were achieved in adhesion, 

charge transfer, and mechanical stability of PEDOT:PSS coatings, as well as in the modulation 

of surface properties such as roughness, wettability, and conductivity. Moreover, mixed 

diazonium layers exhibited the ability to reduce bacterial adhesion without compromising 

mammalian cell compatibility. Further enhancement was achieved by coupling these modified 
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surfaces with PLL, resulting in a substantial increase in neuronal cell adhesion. Collectively, 

these studies present an innovative and adaptable surface functionalization approach, 

extending the applicability of CPs and metal electrodes in creating multifunctional interfaces 

in bioelectronics and biomedical engineering.  
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5. Summary 

The findings presented in this thesis support the hypothesis that the proposed surface 

functionalization methods, whether applied individually or synergistically, can offer a powerful 

strategy to improve the performance of implantable bioelectronic interfaces. By selectively 

leveraging the unique benefits of each method, surface properties can be precisely tailored to 

address the specific requirements of diverse bioelectronic applications. A summary of the key 

conclusions from each study is presented below. The most significant conclusions are synthesized 

and presented in the following summary. 

 Despite sharing the same polymer backbone, PEDOT electropolymerized with different 

counterions displayed distinct capacitive, morphological, and biological properties, 

highlighting the significant influence of dopant choice. PEDOT/PF6 showed the highest 

electrochemical capacitance, while PEDOT/ClO4 exhibited superior biocompatibility 

compared to the widely used PEDOT/PSS and bare platinum. The findings emphasize that 

dopant selection is a powerful tool for tuning PEDOT’s performance in bioelectronic 

applications.  

 By sequentially depositing gold and silver particles onto the surface of PEDOT, the 

resulting PEDOT-Au/Ag coating exhibited both electrochemical activity and antibacterial 

properties. The presence of gold particles helped mitigate the toxicity of silver towards 

mammalian cells, while preserving its antimicrobial effects, offering a promising approach 

for developing multifunctional materials suited for electroceutical and biomedical 

applications. 

 PEDOT:Nafion films were found to serve as promising materials for biocompatible 

supercapacitor applications by demonstrating high areal and volumetric capacitance, low 

charge transfer resistance, and excellent ion diffusion. Solvent treatment was shown to 

further enhance charge carrier density by reducing film volume without affecting the total 

number charge carriers. A symmetric PEDOT:Nafion-based supercapacitor showed 

efficient performance, including high Coulombic efficiency and long-term stability.  

 A layer-by-layer electrochemical polymerization was shown as a suitable approach to 

fabricate conducting polymer-based 3D materials for high-performance supercapacitors in 

bioelectronic applications. Resulting PEDOT/PEDOP hybrid structures showed superior 

performance compared to the individual homopolymers, PEDOT and PEDOP. The 

composite achieved highest areal capacitance, demonstrated the lowest charge transfer 

resistance and highest energy density among tested samples. The improved performance is 

attributed to the 3D structure formed when PEDOP polymerized over the PEDOT layer, 

enhancing the electrochemical surface area and ion transport. 



46 
 

 Diazonium chemistry was shown to be an effective method for enhancing the performance 

and expanding the applicability of PEDOT:PSS in organic bioelectronics. Surface 

modification of Pt electrode with diazonium salts created an organic layer that improved 

PEDOT:PSS adhesion. This modification reduced charge transfer resistance, increased 

capacitance, and enhanced the mechanical stability of the conducting polymer coating.  

 Diazonium salts and their mixtures can be effective to create functionalized bioactive 

surfaces. The chemical character of the functional groups had a decisive effect on the 

physiochemical properties of electrografted layers, i.e. physicochemical (roughness, 

wettability), electrochemical (conductivity, capacitance) and biological properties. 

Particularly, as-formed organic layers were able to largely reduce bacterial adhesion 

without affecting biocompatibility towards eukaryotic cells. The charge blocking nature of 

the coatings, especially on micro-scale surfaces, could be useful for minimizing 

electrochemical interference in biosensing. This approach can be applicable to biomedical 

metals and alloys, with potential in neural, bone, and cardiovascular engineering. 

 Diazonium salts can also be effectively used for enhancing neuronal cell attachment on Pt 

electrodes, especially when combining them with adhesion-promoting biomolecules such 

as PLL. Furthermore, this effect was improved due to covalent PLL immobilization through 

chemical coupling strategy, which could prove effective in enhancing integration of 

bioelectronic interfaces with neural tissue. 

In conclusion, the methods presented in this work – each targeting specific aspects, such as 

electrochemical performance, biocompatibility, stability, or antibacterial properties – contribute to 

the growing library of surface functionalization strategies for bioelectronic devices. By offering 

tailored solutions to meet diverse functional requirements, these approaches support the 

development of more efficient and adaptable material interfaces. This work not only demonstrates 

my comprehensive expertise in electrochemical and surface characterization techniques but also 

reflects my ability to independently design and analyze cell culture experiments. My 

interdisciplinary competence, extending beyond the chemical sciences into biological studies, has 

been critical in ensuring the functional and biological relevance of the developed materials. Given 

the rapid growth of the bioelectronics market and its increasing demand for high-performance, 

biocompatible, and multifunctional materials, such advancements are particularly valuable for 

accelerating innovation in next-generation implantable bioelectronic devices.  
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